With the goal of working toward quantifying the seismic safety implied by modern building codes, this study applies nonlinear dynamic analysis to assess the risk of collapse of reinforced concrete (RC) special moment frame (SMF) buildings. Thirty archetypical RC SMF buildings (1 to 20 stories) are designed according to the provisions of ASCE 7-02 and ACI 318-05 for a high seismic region. The results find that, on average, these buildings have an 11% probability of collapse under ground motion intensities with a maximum probability of exceedance of 2% in 50 years. In terms of mean annual rate of collapse, the average is 3.1x10 -4 collapses/year, which translated to an average 1.5% probability of collapse in 50 years. The study further illustrates how the performance-based collapse assessments can be used to evaluate the influence of specific design provisions on collapse safety. Changes in the minimum seismic base shear requirement for tall buildings between the 2002 and 2005 edition of the ASCE 7 and variations in the strong-column weak-beam (SCWB) design requirements of ACI 318 are investigated. The study finds that a reduction in the minimum base shear, which was introduced in ASCE 7-05, dramatically increases the seismic collapse risk to tall (longperiod) frame buildings in high seismic regions. This reduction in base shear has since been rescinded in a supplement to ASCE 7-05. Investigation of the SCWB requirements shows that the current ACI 318 provisions (i.e. a minimum SCWB ratio of 6/5) delay, but do not prevent, column yielding and failure. An increase in the SCWB ratio above 1.2 does not offer much improvement for low-rise buildings but it can lead to a significant reduction in collapse risk for mid-rise and taller buildings. This study of modern RC buildings is contrasted with the collapse safety of older (non-ductile) RC moment frame buildings in a companion paper.
INTRODUCTION AND OVERVIEW
The primary goal of building code seismic design requirements is to protect the life safety of building occupants during large earthquakes. Fundamentally, this requires that the likelihood of structural collapse be controlled to an acceptably low level. While straightforward in concept, the inherent collapse safety provided by building codes and standards is unclear, due to the empirical nature of the design provisions and their development. Recent advancements in nonlinear dynamic analysis and performancebased earthquake engineering are making it possible to rigorously assess structural collapse. This in turn enables a quantitative evaluation of building safety and how it is affected by various structural design requirements in building codes and standards.
The first objective of this study is to assess the collapse safety of modern reinforced concrete (RC) special moment frame (SMF) buildings designed according to the governing provisions of modern design standards, including ASCE 7 (ASCE 2002 , ASCE 2005 and ACI 318 (ACI 2002) . The collapse safety assessments are based on a representative set of thirty archetype buildings that employ RC SMF seismic resisting systems. These assessments explore the collapse behavior of RC SMF buildings and how variations in design decisions affect performance. This effort focuses on RC SMF structural systems because (1) they are generally perceived to provide acceptable seismic safety and (2) the analytical tools for modeling severe deterioration of RC frames are sufficiently developed to permit an accurate assessment.
The second objective of this paper is to illustrate how the assessment tools can be used to quantitatively evaluate the impact of specific design requirements on seismic collapse behavior. This study considers the influence of the minimum seismic base shear requirement of ASCE 7-05 and the strong-column weak-beam criteria of ACI 318.
This study uses tools and methods that have been developed by the authors and other researchers in the Pacific Earthquake Engineering Research (PEER) Center. The collapse assessment method builds on prior research to characterize ground motion hazards, develop strength and stiffness degrading structural models, perform nonlinear dynamic time history analyses, and propagate uncertainties of the earthquake ground motions and nonlinear response through to the assessment of collapse. The results presented herein are part of a more extensive report by and expand upon a prior study to evaluate the performance of a four-story RC frame building , Haselton et al. 2008a .
These collapse assessment methods have also been incorporated into the FEMA P695 (ATC-63) Methodology developed by the Applied Technology Council, which is a systematic methodology to assess seismic collapse safety, for the purpose of establishing proper design parameters and provisions for new structural systems (FEMA P695, 2009 ).
REPRESENTATIVE SET OF STRUCTURAL DESIGNS
This assessment employs a set of archetypical structural building systems that are representative of engineering design and practice for RC SMFs in high seismic regions. As summarized in Table 1 , the thirty structural designs encompass key design parameters including building heights from 1 to 20 stories, space and perimeter frame systems (to vary tributary gravity load), framing spans of 20 and 30 feet (6.1 and 9.1 meters), strength and stiffness distribution over the building height, and foundation fixity.
Each of the RC SMFs buildings is designed according to the provisions of the International Building Code (ICC 2003) , ASCE 7-02 (ASCE 2002) , and ACI 318 (ACI 2002) , and meet all governing code requirements for strength, stiffness, capacity design and detailing. The buildings are designed for office occupancies with an 8-inch flat slab floor system. The 1, 2 and 4-story buildings have a plan footprint of 120 ft. by 180 ft. (36.6 m. by 55.0 m.); and the 8, 12 and 20-story buildings have a square plan measuring 120 ft. by 120 ft. (36.6 m. by 36.6 m.) Seismic design is based on the mapped hazard for a Los Angeles site with S S = 1.5g and S 1 = 0.6g and soil class S d . The designs were reviewed by a collaborating practicing engineer (Hooper 2006) to ensure their conformance with typical design practice. Further design documentation is available in .
SITE, SEISMIC HAZARD, AND GROUND MOTION CHARACTERIZATION
Owing to the choice of design parameters and seismic hazard level, the archetype building study is representative of high seismic (non near-field) regions of California. The assessments are based on a site located in northern Los Angeles, which falls in the transition region of ASCE 7-02 design maps. The probabilistic seismic hazard analysis for this site is documented by Goulet et al. (2006) and Haselton et al. (2008a) . The ground motions used for the nonlinear dynamic analyses are from large earthquakes (magnitudes of M = 6.5 to 7.6) and moderate fault rupture distances (generally of 10 to 45 km). The forty record pairs (each with two horizontal components) and full selection criteria are documented in . This ground motion set is an expanded version of the far-field ground motion set utilized in the recent Federal Emergency Management Agency's P695 (ATC-63) Methodology (FEMA 2009) .
To ensure that ground motion records are generally applicable to a range of buildings with a wide range of vibration periods, records are selected without consideration of the distinctive spectral shape of rare (extreme) ground motions, which has been shown to have an important impact on assessed collapse performance (Baker and Cornell 2006) . Therefore, to account for this spectral shape effect, the collapse predictions made using the general set of ground motions are modified using a method proposed by . This method accounts for the expected spectral shape through a statistical parameter referred to in hazard analysis as epsilon (ε), which is a measure of the difference between the spectral acceleration of a recorded ground motion and the median spectral acceleration predicted by an attenuation function (for a specified period). A target value of ε=1.5 is used to represent the expected spectral shape of ground motions large enough to collapse modern buildings (see FEMA P695, Appendix B for data supporting this choice).
STRUCTURAL ANALYSIS MODEL AND COLLAPSE ASSESSMENT METHODOLOGY
As shown in Figure 1 , a two-dimensional three-bay nonlinear analysis frame model is created for each RC SMF building system, using the OpenSees structural analysis platform (OpenSees 2009 ). This study uses a three-bay frame model because it provides the fewest number of bays necessary to provide a reasonable representation of interior and exterior columns and joints and their effect on frame behavior. The interior and exterior columns are important to reflect the effects of SCWB design provisions, and the interior and exterior joints are important for capturing the influence of joint shear provisions on the structural design. Strength and stiffness of the gravity system are not represented in the model, but the destabilizing P-Δ effects are accounted for by applying gravity loads on the leaning column. Previous research by the authors has shown that neglecting the gravity system in RC SMF systems is slightly conservative, underestimating the median collapse capacity by approximately 10% (Haselton et al. 2008a) . The foundation rotation stiffness is calculated based on a typical grade beam design and typical soil stiffness properties. Rayleigh damping is applied, equal to 5% of critical damping in the first and third modes.
Element level modeling consists of lumped plasticity beam and column elements and finite joint shear panel springs. The lumped plasticity elements were chosen in lieu of fiber-type element models, since they are able to capture strain softening and rebar buckling critical for predicting structural collapse in RC frame structures. The beamcolumn plastic hinges are modeled using a strength and stiffness degrading model developed by and implemented into OpenSees by Altoontash (2004) , which can capture the important modes of monotonic and cyclic deterioration that precipitate sidesway collapse. The monotonic and cyclic behavior of the Ibarra et al. model (described in terms of a moment-rotation relationship) is illustrated in Figure 2 . Key parameters of the model include the plastic rotation capacity, θ cap,pl , the post-capping rotation capacity, θ pc , the ratio of maximum to yield moment, M c / M y , and an energybased degradation parameter, λ. Based on calibration of the model to test data for RC columns and beams with ductile detailing and low to moderate axial load, the typical parameter values used in the study are θ cap,pl equal to 0.035 to 0.085 radians, θ pc equal to 0.10 radians, M c / M y equal to 1.17 to 1.21, and λ equal to 85 to 130 (Haselton et al. 2007a (Haselton et al. , 2007b . The collapse capacity of the thirty archetype building designs is evaluated using a performance-based methodology, key features of which are briefly summarized as follows (for more details see :
• Select ground motions for nonlinear dynamic analysis. In this study, 40 pairs of general far-field ground motions are used.
• Utilize the Incremental Dynamic Analysis (IDA) approach to organize the nonlinear dynamic collapse analyses (Vamvatsikos and Cornell 2002) . This involves increased scaling of the ground motions until the point of dynamic instability, where the story drifts of the building increase without bounds. In this study, ground motion records are amplitude scaled according to the spectral acceleration at the first mode period, Sa(T 1 ).
• Construct a collapse fragility curve using IDA results. To approximate threedimensional effects, each horizontal component of ground motion is individually applied to the two-dimensional frame model. The lower collapse capacity (in terms of Sa(T 1 )) from each pair of motions is recorded as the building collapse capacity for the record pair. From the resulting collapse data, the median collapse capacity and dispersion, due to record-to-record variability, are then extracted.
• Adjust the collapse fragility curve to account for structural modeling uncertainties.
• Adjust the collapse fragility curve to account for the ground motion spectral shape effect.
• Compute the collapse risk metrics of interest. Figure 3 presents sample results from incremental dynamic analysis for a four-story space frame building (ID1008). Plotted in Figure 3a are the IDA curves for the controlling component of each ground motion pair. The point that the IDA curves become flat signifies the point of dynamic instability, which is the collapse capacity for the record; this shows a median collapse capacity of 1.59g for this set of 40 ground motion records. Shown in Figure 3b are the resulting collapse fragility curves which are created by plotting the individual collapse capacities from Figure 3a (cumulative distribution functions of the collapse statistics); this describes the probability of collapse as function of ground motion intensity. As shown, the collapse fragility curve can be idealized by a lognormal distribution, which is defined by a median value and dispersion (logarithmic standard deviation, σ ln ). In Figure 3b , three collapse fragility plots are shown, the first of θ cap,pl θ pc λ which includes only record-to-record (RTR) variability, which as calculated by the IDA has a dispersion, σ ln,RTR , of about 0.4. This collapse fragility from the IDA is adjusted by (1) increasing the dispersion to account for structural modeling uncertainty and (2) then shifting the median to account for the differences between the spectral shape of the ground motion record set and the extreme hazard level associated with collapse. Based on studies by and , variations in modeling parameters on collapse probabilities in the lower tail of the distribution can be accounted for by introducing additional dispersion in the collapse fragility. Based on variations in the nonlinear component models, the modeling uncertainty is calculated as σ ln,modeling = 0.5, which when combined with the record-to-record uncertainty of σ ln,RTR = 0.38 yields a total dispersion of σ ln,total = 0.63. Next, the spectral shape effect is incorporated by shifting (increasing) the median collapse intensity from 1.59g to 2.22g (by a factor of 1.4). As described by Haselton et al. (2009) this so-called ε adjustment is based on the large ductility of the RC SMF structures and a target ε = 1.5 for rare ground motions in the high seismic regions of California. The next section describes the collapse risk metrics that are determined from this adjusted collapse fragility curve. the fragility functions with adjustments for structural modeling uncertainties and spectral shape.
COLLAPSE RISK FOR RC SMF BUILDINGS DESIGNED ACCORDING TO ASCE 7-02
The thirty RC SMF building archetypes were evaluated using the collapse performance assessment methodology described above, results from which are summarized in Table 1 . Pertinent data includes the fundamental period of the structural model, overstrength from static pushover analysis, collapse risk predictions, and maximum story and roof drifts at the onset of collapse. The resulting collapse risks are described by the following three measures, which are listed in Table 1 and plotted in Figure 4 :
(a) The collapse margin is the ratio between the median collapse capacity and the 2% in 50 year ground motion level. This metric is similar in concept to a safety factor, but does not quantify uncertainty in the collapse safety prediction. For the example in Figure 3b , the collapse margin ratio is 2.6. Overall, the thirty RC SMF buildings have an average margin against collapse of 2.3, with a range from 1.7 to 3.4. (b) The probability of collapse conditioned on the 2% in 50 year level of ground motion, denoted P(C|Sa 2/50 ), can be read directly off the collapse fragility curve. This is a convenient metric to gauge the collapse safety relative to a measure of extreme ground motions that is used as the basis of design for most locations. For the example in Figure 3b , the conditional collapse probability P(C|Sa 2/50 ) = 7%. Overall, the RC SMF buildings have an average P(C|Sa 2/50 ) of 11%, with a range from 3% to 20%.
(c) The mean annual frequency of collapse (λ col ) is the most robust metric of collapse risk, as it is obtained by integrating the structural collapse fragility CDF (e.g., Figure 3b ) with the site-specific hazard curve. Overall, the RC SMF buildings have an average mean annual frequency of collapse of 3.1x10 -4 collapses/year, with a range from 0.7x10 -4 to 7.0x10 -4 . The mean annual frequency of collapse can also be expressed as a probability of collapse in 50 years, which for the RC SMFs ranges from 0.35% to 3.4%. Legend: Base -The baseline foundation case considers the rotational stiffness of the grade beam and any basement columns (in both the design and the structural model used for the collapse assessment). The two design alternatives are "P" for pinned based and "F" for fixed base. This only adjusts what is assumed in the design, and does not affect the model used for the assessment. Bays -The baseline designs have 20' bays, and the alternative designs have 30' bays. Uniform -Conservative uniform design; neither member sizes nor reinforcement of beams/columns are decreased over building height WS -Weak story designs. WS-1 is for designs with only the first story being weak, and WS-2 is for the first and second stories being weak.
The percentage is the percentage of strength between the weakened stories and the story above. In addition to quantifying the collapse risk, the nonlinear analyses also provide insights into the collapse behavior of RC SMF buildings. Figure 5 illustrates the predominant collapse mechanisms for space frame buildings of various heights. Although the collapse mechanisms varies between ground motion records due to differences in frequency content, the mechanisms shown are the most common mechanisms observed for the 80 earthquake records. Figure 5 shows that for buildings with eight stories or more, fewer than one-quarter of the stories are typically involved in the collapse mechanism. For example, the 12-story space frame building collapses as follows:
Collapse Drifts Collapse Capacity/Risk Predictions Period and Pushover
• 86% of collapses: First-second story mechanism • 9% of collapses: First story mechanism • 3% of collapses: First-third story mechanism • 2% of collapses: First-fourth story mechanism IDA results also provide insightful data on the interstory and roof drift ratios at impending collapse. As shown in Figure 6 , both the maximum interstory drift (IDR) and roof drift (RDR) capacities at collapse tend to decrease as the building gets tallersaturating at building heights of about 12-and 20-story buildings. The interstory drift capacity decreases with increased height for two reasons. First, column plastic rotation capacities decrease as axial stress increases, due to higher compression (gravity) loads in columns in taller buildings. Second, the taller structures are more susceptible to P-Δ effects, since they are designed with smaller base shear strength ratios (V/W), which leads to the onset of a negative stiffness at lower drift ratios. The roof drift capacity is a less transparent index since the roof drift capacity is based on the drift capacity of each story as well as the number of stories that are involved in the collapse mechanism. Figure 7 illustrates the relationship between building height and collapse safety for the standard perimeter and space frame designs. These results suggest that mid-rise (8-12 story) and low-rise (1-story) buildings have slightly higher collapse risk as compared to the buildings of other heights. However, these differences in collapse risk are small relative to the variations that will be observed later for ASCE 7-05 designs with lower base shear strengths, and for older non-ductile RC frames in the companion paper ). 
Effects of Building Height

Effects of Space/Perimeter Framing
Comparisons between space and perimeter frame systems indicate that the perimeter frames have a higher collapse risk as compared to space frames. The data from Table 1 (and Figures 6 and 7) lead to the following comparisons between space and perimeter frame buildings:
• Space frames have higher lateral overstrength (Ω) as compared to perimeter frames, where overstrength is defined by the ratio of ultimate strength from pushover analysis to the design strength. On average space frames have overstrength 2.5 times higher than perimeter frames for low-rise buildings and 1.2 times higher for the 12-to 20-story buildings. This difference occurs mainly because the beams in space frames are designed for proportionally more gravity load (relative to lateral load effects), which indirectly increases the lateral strength of the building. Pushover analysis results for 8-story perimeter (ID1011) and space frame (ID1012) buildings are illustrated in Figure 8 , illustrating the significantly higher overstrength of the space frame.
• Space frames have higher deformation capacity. The roof drift capacity (from nonlinear dynamic analyses) is 10% to 20% higher for space frame buildings, as shown earlier in Figure 6 . The difference in deformation capacity results from proportionally larger base shear strength and smaller P-∆ effects for the space frame buildings.
• Space frames have a higher level of collapse safety as compared to perimeter frames. On average, margins against collapse are 1.1 to 1.3 times higher for space frame buildings and mean annual frequencies of collapse are 1.3 to 2.2 times lower for space frame buildings. For the example pair of 8-story buildings (ID1012 versus ID1011), the P(C|S a2/50 ) is 9% for the space frame building versus 19% for the perimeter frame building. These differences in collapse risk are interrelated with the differences in overstrength and deformation capacity. 
Effects of Story-wise Variations in Strength and Stiffness
The distribution of strength and stiffness over the height of the building can affect the degree of damage concentration in the structure, which has implications both on static overstrength and dynamic collapse resistance. This study looks at two variations in strength and stiffness distribution: (1) a "uniform" design, where element size and reinforcement are kept constant over the full building height, and (2) a strength-irregular design (i.e. the weak-story "WS" designs in Table 1 ). The strength irregular designs are based on the ASCE 7-02 definition of a Weak Story Irregularity as one where the story lateral strength is less than 80% of the story above and a Extreme Weak Story Irregularity as one where the story lateral strength is less than 65% of the story above. The lower (weak) stories of the WS designs are designed to meet code strength requirements, and the upper stories are strengthened such that the ratio between the strength of the weak and strengthened stories is either 80% or 65%. The "weak" stories either occur in the firststory only (WS-1) or in the first and second stories (WS-2), as noted in Table 1 . The resulting static overstrength (Ω) and collapse margin values from Table 1 are graphically illustrated in Figure 9 . Referring to Figure 9a , in all cases the design variations resulted in larger static overstrengths than the base case -up to 43% larger for the WS-1(65%) designs, where the upper stories are strengthened to create the 65% strength irregularity in the first story. Referring to Figure 9b , the changes in member strengths had a more variable effect on the collapse margins. In all cases the designs with the uniform member sizes had collapse margins that were equal to or larger (by up to 15%) than the base case. The cases where the strength irregularity was achieved by increasing member strengths above the first story (WS-1) resulted in collapse margins larger than the baseline case (by up to 20%). In contrast, where the irregularity was created above the second story (WS-2), the collapse margins decreased (by up to -15%) compared to the baseline case.
Since the one-story strength-irregular designs performed better than the baseline designs, one might surmise that the strength-irregularities did not change the collapse mechanism. However, this is not the case. The strength-irregular designs have better performance in spite of more frequent first-story collapse mechanisms. Figure 10 shows the collapse mechanisms for the 12-story buildings designed with and without strength irregularities. In the baseline design (Figure 10a ), the collapse mechanism typically involves the bottom two stories. For the 65% strength-irregular designs (Figure 10c ), the collapse mechanism always occurs in the 1 st -story. Even so, the collapse capacity is higher for this strength-irregular design, presumably due to the increased overstrength in upper stories. These are the fully developed collapse mechanisms, which tend to exaggerate the deformations in the critical first story. Before collapse, there is considerable inelastic energy dissipation in other stories of the building. 
Effects of Bay Spacing and Foundation Fixity Assumptions
For RC SMFs, changes in bay spacing can affect the joint shear capacity design requirement, which in turn may necessitate larger column sizes. When this occurs, the larger columns tend to reduce the column axial stresses, which increase the plastic rotation capacities. As indicated in Table 1 , increasing the bay spacing from 20' to 30' spans in the 4-story and 12-story designs increased the static overstrengths by 12% to 22% and increased the collapse margins by 23% to 33%. Thus, largely due to the interrelationships of design parameters, the differences in span lengths and associated design changes can significantly affect the collapse safety. Similar to bay sizes, the amount of foundation fixity assumed in design can lead to changes in the first-story column sizes, which in turn can affect collapse capacity. As indicated in Table 1 , for the 1-story and 2-story buildings, the change from a standard grade beam condition to a fixed or pinned base condition can lead to variations of up to 25% for static overstrength and 16% for collapse margins. The increased column size associated with the pinned base assumption tends to increase the capacity, whereas the reduced column size associated with the fixed base assumption tends to decrease the capacity.
IMPACTS THAT POSSIBLE CHANGES TO SEISMIC DESIGN REQUIREMENTS WOULD HAVE ON COLLAPSE SAFETY
Historically, seismic design requirements in building codes have been based on experience from past earthquakes and on engineering judgment. The methods and findings presented here suggest that direct collapse modeling and performance-based earthquake engineering methods are now mature enough to deliver reasonably realistic estimates of collapse risk, and that such estimates can be used to inform important code and policy decisions. This section illustrates how performance-based collapse assessment can be used to inform decisions about building code provisions. Specifically, the impact of two seismic design requirements are evaluated: (1) a reduced minimum base shear requirement included in ASCE 7-05, and (2) the SCWB design criteria in ACI 318.
Impact of the Reduced Minimum Base Shear Requirement in ASCE 7-05
The results presented thus far show that the collapse risk is fairly uniform for buildings ranging in height from 1-20 stories. These buildings were designed by the 2002 edition of the ASCE 7 provisions, which includes a minimum design base shear coefficient (C s ) requirement of 0.044g based on the site hazard used in this study. This minimum base shear requirement controls the design of longer period buildings (i.e. the 12-and 20-story buildings), such that the requirement increases the strength of the building relative to the design ground motion intensity. This minimum base shear requirement was reduced in the 2005 edition ASCE 7 provisions for sites with S 1 < 0.6g, leading to a significant decrease in the design base shear for taller buildings. For example, the design base shear coefficient of a 20-story building designed for S 1 = 0.599g decreased from C s = 0.044g in ASCE 7-02 to C s = 0.022g in ASCE 7-05. Figure 11 illustrates the impact of modifications to the minimum base shear requirement more generally, showing how the effective design R factor varies between ASCE 7-02 and ASCE 7-05 designs. The effective design R factor is defined as S D1 I / C s T for buildings in the velocity domain of the spectrum (i.e. T S < T < T L ), and differs from the code-defined design R factor when the minimum base shear requirement controls the value of C s . By reducing the effective R factor for taller buildings, the minimum base shear requirement in ASCE 7-02 effectively introduces perioddependency in the design R factor. To examine the impacts of the minimum base shear requirement on seismic collapse, we redesigned the 12-and 20-story buildings according to ASCE 7-05 criteria without the minimum base shear limit. Table 2 and Figure 12 show how the collapse risk of the ASCE 7-05 buildings increase significantly with increased building height. The ASCE 7-05 20-story perimeter frame building has a conditional probability of collapse that is 4 times larger and a mean annual frequency of collapse that is 11 times larger than that of the ASCE 7-02 design. The reduced lateral strength of the ASCE 7-05 designs also leads to collapse mechanisms involving fewer stories. These results show that the ASCE 7-02 minimum base shear requirement is a critical component for ensuring relatively consistent collapse risk over height, and that elimination of this requirement in the ASCE 7-05 provisions makes taller frame buildings significantly more vulnerable to collapse. This observed increase in collapse risk for tall buildings with insufficient lateral design strength is consistent with findings from other researchers (e.g., Krawinkler et al. 2007 Krawinkler et al. , 2003 . This increased collapse risk results from reduced story strengths that lead to localization of damage in fewer stories of the building; this reduces the inelastic drift capacity before P-∆ effects lead to negative stiffness in those stories where damage is localized. As described by Krawinkler and Zareian (2007) , these localization effects are most pronounced in frame buildings and are not as apparent in flexural dominant shear wall buildings. Therefore, additional strength may not be required to achieve acceptable collapse performance for taller wall buildings, provided that the collapse mechanism is plastic hinging and not shear failure (since shear failure would concentrate deformations in a few stories, and increase P-Δ effects). Strength demands for tall buildings of various types, and failure modes, should be more thoroughly investigated.
These findings have important implications for the design of tall frame buildings and suggest that one solution to achieve uniform collapse safety over building height is to design taller frames to have more strength. ASCE 7-02 achieved this additional strength through the minimum base shear requirement, which effectively reduces the design R factor for taller buildings. These research findings were made available to the ASCE 7 Seismic Committee, who subsequently passed a special amendment to ASCE 7-05 (Supplement No. 2) which reinstated the older minimum base shear requirement from ASCE 7-02 (ASCE 7-02 equation 9.5.5.2.1-3). 
Effect of Strong-Column Weak-Beam (SCWB) Design Requirements
This section examines how the minimum column to beam strength ratio, as required in ACI-318 and comparable design provisions, can influence collapse capacity. Increasing the required SCWB ratio delays column hinging, and thereby increases (1) the number of stories involved in the collapse mechanism and (2) the inelastic deformation capacity of the frame.
To quantify the effects of the SCWB ratio, we designed two additional sets of 4-story space frames and 12-story perimeter frames (all designed otherwise according ASCE 7-02). The SCWB ratio required by the current standard for RC SMFs is 1.2 (ACI 2005), and this study considered maximum SCWB ratios up to 3.0. As the SCWB ratio is decreased, column design is increasingly controlled by flexural strength demands rather than beam strength. The minimum SCWB ratio corresponds to the ratio at which the majority of column designs were governed by flexural strength requirements. This limit occurred at a SCWB ratio of 0.4 for the 4-story space frame buildings and 0.9 for the 12-story perimeter frame buildings.
The resulting conditional collapse probabilities for these 4-and 12-story frames are summarized in Figure 13 . These results show that the SCWB ratio has a dramatic effect on the collapse capacity of the 4-story building up to a ratio of about 1.0, beyond which additional increases do not have much effect. Whether by coincidence or design, this data suggests that the current ACI 318 SCWB ratio of 1.2 is appropriate for low-rise buildings. In contrast, the collapse capacity of the 12-story building is consistently improved for all increases in the SCWB ratio.
Increasing the SCWB ratio implies that the building designed has stronger columns, spreading damage over more stories of the building and improving the collapse capacity of the structure. Figure 14 illustrates the predominant collapse mechanisms for the 4-story buildings. The collapse mechanism improves (involving a larger number of stories) for increasing SCWB ratios, and a SCWB ratio of 2.0 is sufficient to achieve formation of a complete mechanism. Further increases in the SCWB ratio do not change the collapse mechanism and, accordingly, do not significantly increase the assessed collapse safety. The 12-story buildings, illustrated in Figure 15 , show a similar trend with SCWB ratio, except that the benefit does not saturate, even up to a SCWB ratio of 3.0. It is expected that increasing the SCWB ratio would continue to improve the collapse resistance of the structure, as more stories are engaged in the lateral mechanism. This clearly indicates that the current SCWB capacity design requirements in the ACI provisions (i.e. SCWB ratio = 1.2) do not result in a complete collapse mechanism. The 4-story example suggests that do delay column hinging to the point that seems reasonable for low-rise buildings (e.g., for the 4-story building, increases in collapse capacity saturated at a SCWB ratio around 1.2) but this is not the case for the 12-story example. The 12-story example illustrates (1) the important role of the SCWB ratio to distribute damage in tall buildings, and (2) that significant benefits could be gained by increasing the minimum SCWB ratio up to values of 3.0 and perhaps larger. This trend suggests that to achieve more consistent risk levels, design provisions could be modified to develop a building height-dependent SCWB requirement. The required SCWB ratio could also vary over the stories of the building, with larger ratios in the lower stories of the building (where the collapse mechanism is forming under the largest P-∆ effects).
SUMMARY OF MAJOR FINDINGS
Collapse safety predictions were presented for a set of thirty representative RC SMF buildings designed according to ASCE 7-02 (ASCE 2002) and ranging in height from 1 to 20 stories. Overall, these buildings had: a) collapse margin ratios that ranged from 1.7 to 3.4 with an average of 2.3, b) conditional probabilities of collapse for ground motions hazards of 2% in 50 year ground motions, P(C|Sa 2/50 ), ranging from 3% to 20% with an average of 11%, and c) mean annual frequencies of collapse, λ col , ranging from 0.7x10 -4 to 7.0x10 -4 with an average of 3.1x10 -4 collapses/year. Studies of several strength-irregular design variations, which involved over-design of upper story members to create story strength irregularities in the first and second stories, indicate that, when limiting story strength irregularities to the maximum values permissible by ASCE 7-02, the benefits of increased strength in the upper stories tends to offset the negative effects of localizing damage in the lower stories.
This paper further examines the use of direct collapse simulation to quantitatively the effect of seismic design requirements on collapse safety. Comparative studies of 12-story and 20-story buildings demonstrate how relaxation of the minimum base shear requirements between the 2002 and 2005 editions of the ASCE-7 provisions dramatically increased (by a factor of eleven in terms of mean annual frequency of collapse) the collapse risk in tall (long period) buildings. The results have already been used by the ASCE 7 Seismic Committee, who issued a supplement to reinstate the minimum base shear requirements into the 2005 edition. It would be useful to extend this study to systematically investigate strength demands for buildings with other types of structural system and failure modes (e.g. flexurally dominated shear walls may not require the same level of strength as RC SMFs). Such a study could be used to determine the required strengths that are needed for consistent collapse safety between buildings of various structural systems and various heights.
The study also investigated the influence of SCWB requirements on the collapse safety of buildings of different heights. Comparative studies of 4-story and 12-story buildings demonstrate that the current SCWB criterion of ACI-318 (a relative column to beam moment strength of 1.2) is reasonable to control collapse safety in low-rise buildings. On the other hand, the study shows that significant reductions in collapse risk of taller buildings could be achieved by increasing the ACI-318 SCWB criteria to engage more stories in the collapse mechanism. A more complete study of ACI 318 SCWB requirements would also be useful to gain a fuller understanding of how such requirements affect collapse safety. Such a study could build on the small pilot study presented in this paper and investigate a larger number of buildings of various heights, look at the possibility of altering the SCWB ratio over the height of the building, and consider the cost-benefit of various alternative changes to the code provisions.
Overall, the studies presented demonstrate the capabilities of nonlinear dynamic analysis to assess collapse, and the important role that such assessments can have in establishing and refining building code requirements to provide more consistent building safety. Moreover, the quantitative risk-based measures of collapse safety offer opportunities to engage public officials and other stakeholders in setting policies and standards for seismic design. A further example of how these assessments can be applied to develop policies to address collapse safety of non-ductile reinforced concrete buildings is presented in a companion paper by .
